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Abstract There is a resurgence of interest in the study of
deer antlers. Recent research advocates their potential for
use in bone xenografts. Using this working hypothesis,
we can formulate many questions: do antlers really pres-
ent unique or interesting mechanical properties, and if so,
which factors affect these properties? Many other issues,
including tissue compatibility, could be discussed; how-
ever, this article will focus on the biomechanical features
of antlers. This paper reviews some answers found with-
in current published material, and could help determine
the optimal selection of some antlers for further experi-
mental studies and clinical trials. Some general elements
like anatomy and histology of deer antlers are briefly
summarised. This paper will attempt to define the funda-
mental differences between skeletal bone and antler bone
in terms of their organic and mechanical properties. We
will then compare the previously published data, which
details the mechanical properties of antlers from different
species of Cervidae, by reviewing several aspects such
as: sex; geographical situation; morphology; hydration
state; and mineral composition. Some findings emerge:
mechanical properties do not vary with gender or lati-
tude, and the most important determining factor appears
to be the species, alongside morphology and use of ant-
lers. The state of hydration and mineral composition also
has an influence on the mechanical properties of
Cervidae antlers.
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Introduction
Antlers are organs made of bone of variable size, and are
present on most cervids’ heads. Antlers grow on male deer,
with the exception of reindeer (Rangifer tarandus) where ant-
lers appear on both males and females (Chapman 1975). The
antlers are cast off after the rut each year, and, for most spe-
cies, grow during spring: they have one of the quickest organ
growth rates among all animal species (Goss 1983). The spe-
cific use of this bone tissue (as a weapon and shield) is asso-
ciated with atypical mechanical properties compared to skel-
etal bone (Geist 1966; Lincoln 1992; Clutton-Brock 1982;
Leslie and Jenkins 1985). The aim of this work is to review
the antlers’ mechanical properties from different species of
Cervidae (deer, roe deer, fallow deer, reindeer, moose, elk
etc.); the point of interest is to identify biomaterial with prop-
erties that would make it usable in veterinary orthopedics.
General anatomy and histology of antlers
The elements composing the antlers are: the pedicle; the
beam; and the tines. The beam is the main branch directly
extending from the pivot. The pedicle is the junction between
the pivot and the beam. The tines generally protrude forwards
from the beam and head, (see Fig. 1) and end in either a spike
or fork (Crigel et al. 2001).
By its composition (hydroxyapatite, collagen, non-
collagenous proteins and water), antler is considered bone
(Chapman 1975; Currey 2002; Landete-Castillejos et al.
2007; Launey et al. 2010; Gomez et al. 2013). Histological
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similarities are common amongst the different species of deer,
and the various components of the antler are interesting to
note. Bone tissue is described as being composed of four dif-
ferent histological zones from the periphery to the centre of
the antler: the first consists of osteoid, located just below the
velvet; then a zone of osteonic bone, composed of lamellar
compact bone; a third transition region between the osteonic
bone and trabecular bone; and a fourth central zone, consisting
of trabecular bone (see Fig. 2) (Rolf and Enderle 1999). The
two outer regions are very dense and compact, while the cen-
tre has a honeycomb-like structure.
Histological bone formation in growing antlers starts with a
scaffold of mineralized cartilage largely replaced by a trabec-
ular scaffold of woven bone, with low degree of collagen fibril
ordering at the micron level. The cylindrical pores of this
tissue are oriented along the main antler axis (Gomez et al.
2013; Krauss et al. 2011). Primary osteons fill in the longitu-
dinal tubes lined by the framework after the deposit of
lamellar bone. The width of the primary honeycomb-like
framework determines the thickness of the antler cortex, thus
affecting the mechanical performance at the structural level.
This filling phenomenon starts about day 70 and is organized
in a proximal to distal sequence. Formation of the primary
osteons is mostly in charge of the compactness of the antler
cortex, which is determined in days 70–120 of antler growth
(Gomez et al. 2013). Primary osteons, whose collagen fibrils
are mainly oriented along the pores, improve antler’s mechan-
ical properties (bending strength, impact resistance) (Krauss
et al. 2011).
Two types of osteons are present in the structure of the
bone – the primary and secondary osteons (Haversian sys-
tems). The secondary osteons are a result of bone remodelling
and often intersect each other; they have a more rounded and
uniform shape than the primary osteons (Currey 2002). Many
authors have shown that the bone composition of primary
osteons is stronger than that of secondary osteons (Currey
2002; Landete-Castillejos et al. 2007). As antlers are under-
going little mechanical force during development, it seems
unlikely that secondary osteons would develop under these
conditions (Chen et al. 2009). Even if a few secondary osteons
can be formed, it is more by a process of antler modeling
rather than remodeling (osteoclastic/osteoblastic couple),
which needs more time to set up. Moreover, secondary
osteons appear simultaneously with primary ones (Gomez
et al. 2013; Krauss et al. 2011). Hypermineralized lamellar
structure situated around primary osteons amongst cervids
coincides with the lines of cement around secondary osteons
(Skedros and Bloebaum 1995). These special cement lines
would appear after bone deposit at the trabecular endosteal
surfaces preceded by osteoclastic resorption. The occurrence
of this structure indicates resorption of the trabecular frame-
work prior to infilling of the intertrabecular spaces (Kierdorf
et al. 2013). The role of these structures would be to reinforce
mechanical properties by mitigating the propagation of micro-
cracks; cement lines around secondary osteons in other bone
tissue usually do this.
Currey published several studies (Currey 1979, 1984,
1990) suggesting that the toughness of antler is strongly influ-
enced by its relatively low mineral content, which reduces its
material stiffness. It is somehow coupled with mechanisms
that enhance its capacity to develop microdamage without
fracture. Further studies revealed microcracking behaviour as-
sociated with microstructural features of the tissue (Skedros
et al. 2014).
Krauss et al. (2009) and Gupta et al. (2013) hypothesise
that the unique toughness of antler bone is primarily
achieved by intrinsic/nanostructural mechanisms instead
of extrinsic/microstructural mechanisms that dominate in
human and bovine bone. The intrinsic toughening mecha-
nism is <1 μm in scale, largely material independent and











Fig. 2 Cross section of antler showing the four histological zones
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behind a crack tip and largely material dependent. As re-
ported in human bone, collagen is a primary arrestor
of microcracks (Wang et al. 2001). However, this
authors’conclusion may not be final as it is based on data
from a small sample. Skedros conducted analyses into the
microstructural features of antler for details of potential
additional microscale toughening characteristics, as sug-
gested by recent mechanical testing studies of bulk spec-
imens (Launey et al. 2010; Kulin et al. 2011). Results
show multiple extrinsic-level histological characteristics
in antler bone. However, it is still not defined whether
there is a prominent mechanism versus another or if both
are responsible of unique toughness of antler bone
(Skedros et al. 2014).
Mechanical properties of the pedicle can vary between
different periods of the antler cycle. Indeed in a study
from Kierdorf and co-authors, a seasonal variation in
bone structure has been identified, alternating between
high porosity and high compactness. Pedicles increase
in thickness by apposition of primary bone that subse-
quently becomes replaced by scarce secondary osteons
(Kierdorf et al. 2013).
A comparison between antler and skeletal bone
There are differences between skeletal bone and antlers, de-
spite each being defined as bone tissue. This paper will focus
on the difference in their organic composition and mechanical
properties.
The organic composition of an antler is very specific:
the antlers display the fastest rate of growth in an organ
anywhere in the animal kingdom. They can gain up to
14 kg in six months, with a peak growth of 2–4 cm per
day (Goss 1983). This amount of growth requires a con-
siderable intake of minerals within a short period of time.
The mineral content of the antler is the lowest among all
bone tissue, but it has a high collagen content (type I);
this results in low-yield strength, and two to three times
lower stiffness, compared to human cortical bone (Currey
2002; Launey et al. 2010). This provides more scalability
and a larger work of fracture.
These characteristics are responsible for species-related
mechanical properties: red deer antler and bovine femur
exhibit similar tensile strenghth, ranging from 100 to
140 MPa. However, ultimate strain (8–10 %), and the
work of fracture (6186 ± 552 J m−2) are four to five times
higher than the values of bovine femur (Currey 1979,
1984; Kitchener 1991). The fracture line of antlers ap-
pears to be crooked, which increases the resistance
of the antler system. In addition, antler osteons tend to
delaminate – this is considered to be a mechanism for
additional strength (Lin et al. 2006).
The source of mechanical differences
between Cervidae antlers
Several publications have considered and evaluated the poten-
tial factors that may explain, or originate the differences ob-
served between Cervidae antlers: geography; sex; morpholo-
gy; state of hydration; and mineral composition.
The influence of geography
Changes related to geography exist, for example: species from
tropical regions, whose antlers do not fall on a seasonal basis,
typically have antlers with values of stiffness greater than deer
from temperate regions. However, phylogenetic analysis in
three species of tropical deer indicate that the high stiffness
values could be retained more as an ancestral trait than an
adaptation after a prolonged use of antlers (Kitchener 1991;
Blob and Labarbera 2001). The material properties of antlers
combined with their general architecture is therefore a consid-
erable selective advantage.
In the study by Shah et al. (Shah et al. 2008), samples from
caribou (Rangifer tarandus) antlers from two different lati-
tudes (Arizona and Alaska) were compared, and the authors
found no significant differences between specimens from
these states. The average value of stiffness obtained
(5.8 GPa) was very close to the published values by Currey
in 1988 (6.4 GPa) (Currey 1988). This observation is con-
firmed by another study which compared moose antlers
(Alces alces) over a wide geographical region, which did not
show a variation in the stiffness of antlers depending on the
latitude (Blob and Snelgrove 2006). This suggests that there
are no significant latitudinal differences in antler stiffness
among the same species. The species from which bone spec-
imens are derived seems to have a greater impact on their
material properties than differences between source popula-
tions (Blob and Snelgrove 2006).
Kitchener found that the specific resistance of the antler of
Sika deer (Cervus nippon) and pig deer (Cervus porcinus) was
higher than that of mild steel, and determined that antlers
appeared to be structured to resist bending (Kitchener 2000).
Tropical deer such as muntjac (Muntiacus muntjac), axis deer
(Axis axis) or pig deer (Cervus porcinus) have a fraction of
cancellous bone smaller than the other cervids, which corre-
sponds to a greater modulus of elasticity (Kitchener 1991).
The influence of sex
A study was conducted in 2008 to highlight the difference in
the mechanical properties of antlers between male and female
reindeer (Rangifer tarandus), also known as caribou (Shah
et al. 2008). This is the only species of Cervidae where both
sexes have antlers (Reimers 1993). This seems to be explained
by a biphasic effect of oestradiol in females. This hormone is
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responsible for stimulating the growth of antlers in a first
stage, and its inhibition by differentiating antler tissue in a
second stage. Endocrine regulation of normal antlers ensures
their cycle is synchronised with the seasonal reproductive cy-
cle, and the antlers are completely developed by autumn and
winter. Females are normally pregnant during this period, and
the competition for food under a thick layer of snow can be
fierce. It is therefore a selective advantage to possess this
weapon, which is used in intrasexual competition under cer-
tain conditions. This provides an explanation for the evolution
of the female antler in the species Rangifer tarandus (Lincoln
and Tyler 1999). In their study, Shah et al. (Shah et al. 2008)
hypothesised that females may have stiffness values that differ
frommales based on the physiological and behavioural differ-
ences between the sexes. Indeed, the rut, for example, in
which males fight for females, is short. Females use their
antlers to defend food plots for males and females (Espmark
1964). After conducting three-point bending tests, the authors
were unable to identify significant differences in the stiffness
values between males and females. However, it is possible
that antler properties differ in males and females in ways other
than stiffness (i.e. work of fracture, resistance) that were not
evaluated in this study (Landete-Castillejos et al. 2007).
The influence of morphology
Moose (Alces alces) antlers have a greater modulus of elastic-
ity (11.6 GPa) compared with that of white-tailed deer
(Odocoileus virginianus) (6.8 GPa). This difference has been
attributed to the behavioural differences between these species
during fighting.Moose (Alces alces) have large palmed antlers
surrounded by small tines, and deer have a long main beam
with tines protruding from the beam. This difference means
that moose (Alces alces) can only embed their antlers at the
level of the distal tines during a fight. Main beams are there-
fore subject to higher bending moments. However, this mate-
rial is significantly more rigid than that of other closely-related
deer species, helping to resist deformation in response to these
high bending moments (Blob and Snelgrove 2006). The mod-
ulus of elasticity of reindeer (Rangifer tarandus) antlers
(7.5 GPa), is lower than that of the moose (Alces alces), and
greater than that of the white-tailed deer (Odocoileus
virginianus); it is almost identical to that of the red deer
(Cervus elaphus) (7.4 GPa) (Chen et al. 2008).
The influence of the state of hydration
In 2009, Currey et al. sought to assess the hydration status of
antlers, particularly that of the cortex – the most important
layer from a mechanical standpoint, when these weapons are
used when fighting. Indeed, the state of Blife or death^ of
antlers during the rut is controversial. Some species such as
roe deer (Capreolus capreolus), still have mineralisation of
antlers during the breeding season. In fallow deer (Dama
dama), a bone remodelling occurs after the antler has finished
mineralising, suggesting a high water content (at least in the
main beam) (Rolf and Enderle 1999; Currey et al. 2009).
However, this could not be demonstrated in red deer (Cervus
elaphus) for several reasons, including:
(i) the width of the antler, resulting in difficulty for the plas-
ma to diffuse uniformly in areas undergoing desiccation;
and
(ii) the fact that temperature and relative humidity influence
the desiccation of antlers, which occurs even more
quickly when the temperature is high and relative humid-
ity is low.
It is therefore unlikely that cortical bone has significantly
more water than that determined by the relative humidity of
the air (Currey 2002). The study also sought to assess the
impact of hydration on antlers’ mechanical properties.
Compared with hydrated bone, hydrated antler has signifi-
cantly lower modulus of elasticity and bending strength, but
a higher work of fracture. Meanwhile, compared with hydrat-
ed bone, dry antler presents a somewhat lower modulus of
elasticity, but a significantly higher bending strength and work
of fracture (Currey et al. 2009). The authors determined that
during the part of the year when antlers are the most
sollicitated, the stage of desiccation has almost reached its
maximum. However, they retain a residual moisture content,
given that they still absorb atmospheric moisture, and perhaps
even moisture from plants (Currey et al. 2009).
In their study, Chen et al. (2009) compared the mechanical
properties of elk antler (Cervus elaphus canadensis) with
those of the bovine femur. Through their experiences, they
were able to draw several conclusions, the first being that
the mineral content of compact bone (56.9 % of minerals) is
greater than that of cancellous bone (43.4 %), and less than the
bovine femur (67 % minerals). They then determined that the
mechanical properties of antlers are highly anisotropic (elas-
ticity, tension and compression forces). In fact, tests show that
the bending modulus of elasticity is higher for longitudinal
samples (dry: 7.6 ± 0.25 GPa; rehydrated: 6.98 ± 0.26 GPa)
compared to the c ros s - s ec t iona l s amples (d ry :
3.76 ± 0.68 GPa; rehydrated: 3.26 ± 0.35 GPa). This data is
linked with the alignment of primary osteons in the longitudi-
nal direction. The modulus of elasticity of rehydrated samples
is lower compared to dry samples in both the transverse and
longitudinal direction. Longitudinal strength (dry:
197.3 ± 24.0 MPa; rehydrated: 145.1 ± 9.0 MPa) was higher
than the transverse strength (dry: 66.7 ± 10.7 MPa;
rehydrated: 64.9 ± 6.8 MPa), which also illustrates the align-
ment of osteons in the longitudinal sense. Resistance to lon-
gitudinal bending of rehydrated samples is lower than in other
species of deer and bovine femur (238 MPa) (Reilly and
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Burstein 1974). Rehydrated antler shows greater strain to fail-
ure (12.3 %), which is 83% higher than dry antler (6.5%); this
is indicative of the fact that the rehydrated antler of deer can
withstand greater deformation during combat than a dry antler,
suggesting that the antler is not dead tissue but rather a living
organ during the fight. The authors were also able to show that
the elasticity of rehydrated elk (Cervus canadenis), also
known as wapiti, antler is similar to that of red deer (Cervus
elaphus), white-tailed deer (Odocoileus virginianus) and rein-
deer (Rangifer tarandus), but less than most other deer spe-
cies. The bending strength of rehydrated elk (Cervus
canadenis) antler is lower than that of most other species of
deer. Finally, they showed that the fracture toughness of
rehydrated antler is more than two times greater than that of
bovine femur and that that of dry antler is also higher than that
of bovine femur (Chen et al. 2009).
The influence of mineral composition
Among biomineralised materials antlers are one the most
resistant to impact and absorb the most energy (Chen et al.
2008). Chen et al. performed a Weibull distribution of ten-
sile strength of cortical bone from reindeer beam in the
longitudinal and transverse directions. This distribution
has helped to show that resistance followed the laws of
Weibull statistical probabilities. They compared the values
obtained for the reindeer with other previously published
values for various species of cervids. Fracture toughness in
transverse direction is about (20.3 ± 6.0 MPa), while that in
the longitudinal direction is 115.4 ± 16.6 MPa. This resis-
tance in the longitudinal direction is lower than antlers from
Axis deer (Axis axis) (188 ± 12 MPa) and red deer (Cervus
elaphus) (158 MPa). It is, however, higher than reindeer
antlers (Rangifer tarandus (95 MPa). These values are very
similar to longitudinal tensile strength of dry compact bone
from a bovine femur (148 MPa). This shows the similarity
of the structure of compact bone in the long bones and
antlers. The Weibull modulus in the transverse direction is
smaller than in the longitudinal direction, showing a large
dispersion of the data. This is a consequence of the aniso-
tropic orientation of the mineralised collagen fibres. They
are oriented roughly along the longitudinal axis, preventing
propagation of cracks. In cross section, the cracks can
spread more easily through interstices between adjacent
plates (Chen et al. 2008). The modulus of elasticity and
strength increase with increasing mineral content while
the work of fracture is reduced (Currey 1984). Antlers have
the lowest mineral content, and thus the lowest elastic mod-
ulus, with a mineral content of 45 - 65 wt.% (Currey 1984,
1999; Rho et al. 1998).
Landete-Castillejos et al. (2007) studied the antlers of
Iberian red deer (Cervus elaphus hispanicus) in two pop-
ulations of well-fed captive animals, and outdoor-bred
animals with less management. It appeared that the cap-
tive animals had antlers with higher modulus of elasticity,
bending strength and work of fracture, while mineral con-
centrations and calcium (Ca) did not differ. On the con-
trary, small differences were found in concentrations of
magnesium (Mg), sodium (Na), potassium (K), zinc
(Zn), iron (Fe) and silicon (Si). These changes were
hypothesised to be responsible for the differences in me-
chanical properties (Landete-Castillejos et al. 2007).
In 2010, Landete-Castillejos and colleagues tried to
find out why deer antlers (Cervus elaphus) often broke
more after a harsh winter (Landete-Castillejos et al.
2010). The results show that an unusually cold winter
during early plant growth, which occurs weeks before
the start of the growth of antlers, can greatly affect the
chemical composition and structure of the whole antler,
and its mechanical performance – the antlers become
more brittle. Their results suggest that rather than being
a direct effect of climate on the physiology of the animal,
the effect is produced by changes (induced by stress) in
the mineral composition of plants that make up the diet
of deer. The authors were able to measure that the harsh
winter in Spain during 2005 (the location of antler selec-
tion) had an impact: the results were a 31 % reduction in
an antler’s weight; a reduction in the thickness of the
cortex; a lower density; and a lower average diameter
of the beam. These architectural effects coupled with
the harsh climate would make the antler less resistant to
fracture, coupled with a lower overall stiffness. The me-
chanical properties of the material are also affected. The
antlers’ absorption of impact energy (U) was reduced by
27 %. Young’s modulus (E) is smaller at the ends of the
antlers (Landete-Castillejos et al. 2010). As expected, this
is valid for animals living freely, as control deer fed en-
tirely by man have not suffered from this phenomenon.
The key mineral affecting the mechanical properties of
antlers growing after a very cold winter seems to be
manganese (Mn). Manganese could increase the absorp-
tion of impact energy, fracture resistance, and perhaps
properties such as the density of the cortical bone
(Landete-Castillejos et al. 2010).
Gomez et al. measured Mineral Apposition Rate
(MAR), which was very high (average 2.15 μm/d) in ear-
ly stage of primary osteon formation, lower for later
stages (1.56 μm/d) and even lower for the secondary
osteons (0.89 μm/d). Their results show that cortical
compactness/porosity is determined in days 70–120 of
antler growth with a suggested peak in mineral demand
around day 100. Deer management practices including
nutrition may be influenced by these findings for their
potential implications for bone biology and the mechani-
cal quality of the antler (Gomez et al. 2013).
See Table 1 for a summary of the published key data.
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Conclusion
This work attempts to summarise current knowledge on the
mechanical properties of antlers. Interesting elements have
emerged, namely:
& histological specific characteristics play a key role in the
antler toughness;
& mechanical properties do not vary with gender;
& latitude does not seem to induce changes;
& species seems to be the most important determining factor
(including morphology and use of the antler);
& the state of hydration increases fracture toughness; and
& the mineral composition influences the mechanical prop-
erties: some minerals, particularly manganese, seem to
play a predominant role; therefore, weather and food have
a direct impact.
This study also confirms that antler bone is an inter-
esting material. Antlers, with their organic and mechan-
ical properties, could be an ecological and sustainable
source of biomaterial for xenografts. Further studies
should focus on differences between species, compatibil-
ity and reliability.
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